Parkinson's disease (PD) patients express motor symptoms only after 60 -80% striatal dopamine (DA) depletion. The presymptomatic phase of the disease may be sustained by biochemical modifications within the striatum. We used an appropriate specific 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) monkey model (Mounayar et al., 2007) to study the compensatory mechanisms operating in recovery from PD motor symptoms. We assessed the levels of DA and its metabolites (DOPAC, homovanillic acid), GABA, glutamate (Glu), serotonin (5-HT) and its metabolite (5HIAA) by repeated intracerebral microdialysis in awake animals before exposure to MPTP during full expression of the motor symptoms induced by MPTP and after recovery from these symptoms. Measurements were obtained from two functionally and anatomically different striatal areas: the associative-limbic territory and sensorimotor territory. Animals with motor symptoms displayed an extremely large decrease in levels of DA and its metabolites and an increase in Glu and GABA levels, as reported by other studies. However, we show here for the first time that serotonin levels increased in these animals. We found that increases in DA levels in the sensorimotor and/or associative-limbic territory and high levels of 5-HT and of its metabolite, 5HIAA, were associated with recovery from motor symptoms in this model. Determining whether similar changes in DA and 5-HT levels are involved in the compensatory mechanisms delaying the appearance of motor symptoms in the early stages of PD might make it possible to develop new treatment strategies for the disease.
Introduction
The motor symptoms of Parkinson's disease (PD), namely resting tremor, rigidity, and bradykinesia, are expressed when striatal dopamine (DA) depletion exceeds 60 -80% (Bernheimer et al., 1973) . The existence of such a threshold suggests that compensatory mechanisms (Zigmond et al., 1990 ) compensate for initial dopaminergic dysfunction, delaying the appearance of clinical symptoms.
Many neurochemical data are available on PD patients. However, most concern striatal dysfunction after the onset of motor symptoms and are limited to determinations of the concentrations of DA, glutamate (Glu) and GABA only. It is thus well established in humans (Hornykiewicz, 1975 (Hornykiewicz, , 1998 Agid et al., 1987) and in animal models of the disease, such as 6-hydroxydopamine (6-OHDA)-lesioned rats (Hefti et al., 1980; Schwarting and Huston, 1996) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned monkeys (Elsworth et al., 1989; Skirboll et al., 1990; McCallum et al., 2006) , that the motor symptom state of PD is characterized by a large decrease in levels of DA and its metabolites and an increase in DOPAC/DA and homovanillic acid (HVA)/DA ratios. Increases in striatal concentrations of Glu and GABA have also been reported in humans (Kish et al., 1988; Hornykiewicz, 2001 ), 6-OHDA rats (Lindefors and Ungerstedt, 1990; Meshul et al., 1999; Bruet et al., 2003) , and MPTP monkeys (Robinson et al., 2003) . The few studies on compensatory mechanisms have been performed in MPTP monkeys and cats recovering spontaneously from PD motor symptoms. They revealed that spontaneous recovery is associated with an increase in striatal DA release (Rose et al., 1989; Schneider and Rothblat, 1991; Schneider et al., 1994) and turnover (Petzinger et al., 2006) with respect to the symptomatic state. However, the neurochemical basis of PD compensatory mechanisms, including the potential role of neurotransmitters other than dopamine, remains unclear.
We investigated striatal biochemical changes related to compensation, differentiating these alterations from those associated with motor symptoms. We worked on a specific MPTP monkey model displaying complete recovery after the cessation of MPTP exposure (Mounayar et al., 2007) . We performed repeated intracerebral microdialysis in awake animals, monitoring neurochemical changes during the presymptomatic phase, at the peak of motor symptom expression, and after complete recovery. Microdialysis was performed simultaneously in two different striatal territories, the sensorimotor territory and the associative-limbic territory, to take into account the anatomical and functional heterogeneity of the striatum. We focused on levels of DA and its metabolites, DOPAC and HVA, GABA and Glu, all of which are known to be modified by MPTP treatment, and levels of serotonin and its metabolite, 5HIAA. We previously showed that stable motor symptom expression in this animal model is associated with a decrease in the number of striatal serotonin fibers, whereas recovery is associated with an increase in the number of these fibers (Mounayar et al., 2007) , suggesting a role for serotonin neurotransmission in motor recovery.
Materials and Methods
Animals. Five male vervet monkeys (Cercopithecus aethiops) between 4 and 6 years old (young adults) and weighing 4 -7 kg, provided by the Barbados Primate Research Centre (Farley Hill, Barbados, West Indies), were used in this study. These monkeys were cared for and treated in strict accordance with National Institutes of Health guidelines (1996) , the European Community Council Directive of 1986 (86/609/EEC), and the recommendations of the French National Committee (87/848).
Surgery. Surgery was performed under deep anesthesia induced by ketamine/atropine injection and maintained by fluothane inhalation. The anterior commissure (AC) and posterior commissure (PC) were located during surgery by ventriculography. A rectangular opening was made in the skull such that the dura remained intact. A rectangular stainless steel recording chamber (30 ϫ 26 ϫ 21 mm; Unimécanique) was fixed over this hole with surgical screws and dental acrylic resin. The chamber was positioned stereotactically in the horizontal plane parallel to the AC-PC axis, with the anterior-posterior center on the AC and 2 mm over the right hemisphere. Two stainless steel cylinders for head fixation were also cemented in place in front of and behind the chamber.
Experimental schedule. The monkeys were trained to sit in a primate chair for manipulation, and their spontaneous behavior was quantified (Mounayar et al., 2007) . Surgery was followed by a period of retraining to ensure that the monkey's performance remained accurate and stable. At the end of this period, behavioral data were collected over 5 d to characterize the normal state. Animals were then subjected to progressive MPTP intoxication (injections 4 -5 d apart). All monkeys received repeated intramuscular injections of 0.4 -0.6 mg/kg MPTP (SigmaAldrich) under light anesthesia (0.1 ml/kg ketamine, 0.05 ml/kg atropine). Injections were repeated until the desired motor score was achieved. The total dose given to each monkey varied between 1.3-2.5 mg/kg. Once MPTP injections were stopped, the animals recovered spontaneously from their motor symptoms. At the end of the experiment, monkeys were deeply anesthetized with an overdose of barbiturate and transcardially perfused with saline followed by fixative solution.
Behavioral analysis. The progression of parkinsonian motor symptoms was evaluated, using the rating scale proposed by Schneider and Kovelowski (1990) (Mounayar et al., 2007) .
Microdialysis experiment. Microdialysis was performed simultaneously in two different striatal territories in each awake animal: the sensorimotor territory (right posterior striatum) and the associativelimbic territory (left anterior striatum). Each monkey underwent three microdialysis sessions, corresponding respectively to the normal state, the symptomatic state (highest motor score), and the recovery state over a 3 month period. A supplementary dialysis session was performed the day after the third session, within the associative-limbic territory in the right hemisphere, in which no previous dialysis had been carried out. The neurochemical data obtained for this new site were compared with those obtained the day before, to estimate the influence of repeated dialysis on neurotransmitter concentrations.
The microdialysis probes used for these experiments were made on site. They consisted of a concentric arrangement of a stainless-steel tube (length, 90 mm; 24 gauge; Phymep), and polyethylene tubing (length, 10 mm; external diameter (ED), 1.09 mm; internal diameter (ID), 0.38 mm; Biotroll Diagnostic), into which we placed a piece of silica tubing (length, 120 mm; ED, 150 m; ID, 75 m; Phymep). The silica tubing extended beyond the distal end of the steel tube and was covered by an AN69 tubular dialysis membrane (acrylonitrile and sodium methallyl sulfonate copolymer, cutoff 40 kDa; Hospal Industrie) sealed at the bottom with epoxy glue. The length of the silica tubing and of the dialysis membrane was adapted according to the monkey brain nucleus studied: 3 mm for the anterior and posterior striatum. Before use, microdialysis probes were tested in vitro in a standard solution of amino acids and catecholamines; their flow was checked and their efficiency calculated (Tossman and Ungerstedt, 1986) : Glu, 21 Ϯ 0.8%; GABA, 25.3 Ϯ 1.2%; DA, 12.4 Ϯ 1.9%; 5-HT, 13.2 Ϯ 1.6%. Probes with an abnormal flow or efficiency were discarded so that all probes used in the study presented homogeneous technical characteristics.
The perfusion liquid flowed out of the distal end of the steel tube, passing proximally between the tube and the membrane (Tossman and Ungerstedt, 1986) . The probes were perfused with artificial CSF [(in nM)149 NaCl, 2.8 KCl, 1.2 MgCl 2 , 1.2 CaCl 2 , 5.4 glucose, pH 7.3) at a flow rate of 2 l/min (de Lange et al., 2000; Khan and Shuaib, 2001 ) using a micropump (CMA/100; Phymep).
The head of the animal was fixed in place and a grid system (22 ϫ 14 mm; Unimécanique) was placed in the recording chamber. This system, the dimensions of which were adapted to the size of the recording chamber, was used to locate the two dialysis probes precisely, at 4 mm from the AC in the anterior striatum and 4 mm behind the AC in the posterior striatum, making it possible to use precisely the same sites for all three dialyses. The dialysis probes were then lowered into the two striatal territories through cannula guides (21G; Phymep) using a vertical microdriver. Dialysates were collected from awake animals at 15 min intervals. The first six fractions were discarded to avoid the effects of parenchymal disturbance and to ensure that an approximate steady-state level was reached. Fractions were then collected over a period of ϳ3.5-4 h during which time the animals remained quiet. The dialysates were automatically collected with a refrigerated autosampler (Microsampler 820; Univentor, Phymep) and stored at Ϫ80°C until analysis.
Neurotransmitter assays. Concentrations of Glu, GABA, dopamine, DOPAC, HVA, serotonin, and 5HIAA were determined for each sample.
Amino acid assay. Levels of Glu and GABA in dialysates were determined by high-performance liquid chromatography (HPLC) coupled with laser-induced fluorimetric detection. Briefly, 2 l of sample or standard was derivatized with naphthalene-2,3-dicarboxaldehyde. A refrigerated autoinjector (Triathlon; Polymer Laboratories) was used to inject the sample into a Symmetry Shield-C18 reverse-phase column (100 ϫ 2.1 mm, 3.5 m particle size) (Waters). The mobile phase consisted of 0.04 M NaH 2 PO 4 , pH 6, with a 3-50% acetonitrile gradient, delivered at a flow rate of 0.35 ml/min by two Shimadzu LC-10AT pumps. Amino acid peaks were identified based on retention time. Extracellular amino acid levels were estimated by determining the ratio of the peak area for each amino acid to that for the corresponding external standard (analytical software class LC10; Shimadzu. The running time for each determination was 12 min.
Catecholamine assay. Levels of dopamine, DOPAC, HVA, 5-HT, and 5HIAA were determined by HPLC coupled with electrochemical detection. The system consisted of a pump (LC-10 AD; Shimadzu), a refrigerated automatic injector (Famos; Dionex), a reverse-phase Hypersil RP 18 column (Aquasil, 150 ϫ 1 mm, 3 m; ThermoHypersil), and an electrochemical detector (Decade; Antec) equipped with an amperometric cell (VT-03; Antec). Chromatograms were collected and treated with an integrator (CLAS VP; Shimadzu). The mobile phase consisted of sodium phosphate buffer (50 mM NaH 2 PO 4 ), 1-octanesulfonic acid (1.7 mM), Na 2 EDTA (200 m) with 5% of acetonitrile at pH 3 for DA metabolites, and pH 4 for DA and 5-HT. The mobile phase was delivered by the pump at a flow rate of 60 l ⅐ min Ϫ1 . The oxidation potential of the electrochemical cell was ϩ650 mV. A volume of 5 l was injected, and the running time for each determination was 35 min.
Reproducibility. We checked the relevance of repeated dialysis at the same site by comparing the neurotransmitter concentrations obtained during the third dialysis with those obtained during supplementary dialysis on the contralateral side of the striatum at a previously untested site. This control was performed for three animals (CA 23, CA 34, and CA 37).
Histological analysis. The fixed brains were sectioned in the frontal plane and processed for immunohistochemical procedures (Jan et al., 2000) . We stained for calbindin (Cb), tyrosine hydroxylase (TH), and 5-HT on regularly spaced sections from each monkey. Dopaminergic denervation was then studied by immunocytochemical localization of TH. TH-positive cells were counted in the substantia nigra (SN). Striatal dopaminergic and serotoninergic innervation was evaluated by determining optical density or by counting TH-positive fibers in the sensorimotor, associative, and limbic functional territories. Cresyl violet staining and Cb and GFAP immunoreactivity were used to identify the probe tracks and to assess the cell damage and inflammatory reactions potentially induced by three successive dialysis sessions at the same site.
Immunocytochemical techniques. For Cb immunostaining, sections were incubated with mouse anti-Cb antibody (1:2000 dilution; SigmaAldrich), followed by a secondary biotinylated antibody (1:200 dilution, goat anti-mouse IgG; Vector Laboratories). Similar methods were used for TH immunostaining but with a primary mouse anti-TH antibody (1:500 dilution; Incstar) followed by a secondary biotinylated antibody (1:250 dilution, goat anti-mouse IgG; Vector Laboratories) (François et al., 1999) .
5-HT immunostaining was performed using a primary rabbit anti-5-HT antibody (1:10,000 dilution; Diasorin) followed by a secondary biotinylated antibody (1:200 dilution, goat anti-rabbit, IgG; SigmaAldrich). Finally, GFAP immunostaining was performed with a primary rabbit anti-GFAP antibody (1:4000 dilution; Sigma-Aldrich), followed by a secondary biotinylated antibody (1:200 dilution, goat anti-rabbit IgG; Sigma-Aldrich).
In all cases, immunostaining was visualized using avidin-biotinperoxidase complex (ABC standard kit, 1:125 in PBS; Vector Laboratories) and diaminobenzidine (Sigma-Aldrich).
Quantification methods. TH-positive cells in the substantia nigra pars compacta (SNc) were plotted on nine frontal sections at 1 mm intervals, using a computer-assisted microscope system (Mercator; Explora Nova). The total number of cells was estimated after correction by the Abercrombie method (1946) , and neuronal loss was evaluated by comparison with control values for intact vervet monkeys (Jan et al., 2000; Mounayar et al., 2007) .
For the quantification of TH-and 5-HT-labeled fibers, functional territories of the striatum were delineated rostrally (AC ϩ 3.95; limbic and associative territories) and caudally (AC Ϫ 4.55; sensorimotor territory). Attributable to the high density of TH-and 5-HT-positive fibers in control monkeys, dopaminergic and serotoninergic innervation was evaluated by measuring the optical density of immunostaining with an image analysis system (Mercator; Explora Nova). We also visually quantified individual fibers in the sensorimotor territory, for MPTP-treated monkeys only (Mounayar et al., 2007) .
Data and statistical analysis. For microdialysis experiments, basal levels correspond to the mean concentration of the 15 samples during the first dialysis, before the animals were treated with MPTP. These basal levels were defined as 100%, and neurotransmitter concentrations in the motor symptom state or after recovery are expressed as percentages of this value. The effects of MPTP injections and recovery on extracellular Glu, GABA, DA, DOPAC, HVA, 5-HT, and 5HIAA levels were analyzed by Wilcoxon analysis. Values of p Ͻ 0.05 were considered statistically significant.
For each neurotransmitter studied, Pearson's correlation analysis was performed in each territory and at each motor state. These correlation analysis were done for motor behavior and dopaminergic and 5-HT denervation, estimated on the basis of optical density or fiber counts. Finally, the relationships between neurotransmitters were investigated by cross-correlation analysis.
Results

Behavioral data
No correlation was found between the motor score and the cumulative dose of MPTP received by each animal (Table 1 ). All animals totally recovered from their motor symptoms after MPTP injections stopped, with the exception of CA 37 (motor score of 2 when killed). The time required for complete recovery increased with maximal motor score in all monkeys except CA 33. This monkey recovered rapidly (17 d) from severe motor symptoms (score 19). Counts of residual dopaminergic neurons in the SNc and fibers in the striatum indicated that degeneration was generally proportional to motor symptom severity, with apparent individual exceptions. Dopaminergic neuron or fiber loss, for example, was smallest in the monkey presenting the mildest motor symptoms (CA 21).
Histological control Location of microdialysis probes
In the postero-lateral part of the striatum, the probes were homogeneously implanted in the sensorimotor territory (no immunostaining for calbindin) (Fig. 1 D) , with slight variations in dorso-ventral positioning (Fig. 1C) . In the associative-limbic territory, all of the probes were located at the junction of these two striatal territories (Fig. 1 A) , both displaying positive calbindin immunostaining (Fig. 1 B) . However, differences in laterality were observed with the probes for CA 34 and 37 which were located more medially (in the ventral part of the caudate nucleus) than those for CA 21, 23, and 33 (located in the putamen).
The site of the supplementary dialysis sessions, within the contralateral hemisphere, was almost identical to that used for the first three assessments for CA 23 and 34 but was slightly more lateral for CA 37.
Safety of repeated microdialysis for cerebral tissue
The enlargements of Figure 1 , B and D, clearly show that three successive passages of dialysis probes at the same site of the sensorimotor or associative-limbic striatal territory resulted in cel- lular damage no more than 100 m in diameter ( Fig. 1 E, F ). This cell loss appeared to be limited to the dialysis probe track, as neuronal cell bodies were visible adjacent to this track (Fig. 1 E) . Furthermore, examinations of TH-and 5-HT-immunostained sections showed dopaminergic and serotoninergic fibers in the immediate vicinity of the track in both the sensorimotor and associative-limbic territories after MPTP treatment and recovery from motor symptoms (Fig. 2) . Finally, GFAP immunostaining showed that repeated microdialysis had induced a mild glial reaction limited to the immediate vicinity of the track (Fig. 1 E',F' ).
Basal levels of neurotransmitters and variability of measurements
The first dialysis was performed before the first MPTP injection and provided basal extracellular concentrations for each neurotransmitter studied in the two striatal territories. Dopamine concentration was four times higher in the sensorimotor than in the associative-limbic territory (n ϭ 5; p Ͻ 0.01) ( Table 2 ). In contrast, for DA metabolites and all other neurotransmitters, concentrations were significantly higher in the associative-limbic than in the sensorimotor territory ( p Ͻ 0.01) ( Table 2) by factors of 5, 2, 2.5, 1.5, and 1.5 for DOPAC, HVA, 5-HT, glutamate, and GABA levels, respectively (Table 2) . DOPAC/DA and HVA/DA ratios were also higher in the associative-limbic territory than in the sensorimotor territory (ϫ15, p Ͻ 0.05; ϫ6, p Ͻ 0.01, respectively), whereas the opposite pattern was observed for 5HIAA/ 5-HT ratio (ϫ5) ( Table 2) . After the third dialysis session (after recovery), neurotransmitter concentrations were determined during the supplementary dialysis session in the associative-limbic territory on the contralateral side. The concentrations measured differed by no more than 20% between the two hemispheres, except for DOPAC and glutamate concentrations, which were 199 and 75% higher, respectively, in the contralateral limbic-associative striatum than at the sites used for the first three measurements.
Changes in sensorimotor and associative-limbic neurotransmitter levels associated with the expression of motor symptoms and recovery Effects on dopamine levels
In the sensorimotor striatum, DA levels were much lower in the symptomatic state than in the normal state (Ϫ96.7 Ϯ 1.6%; p Ͻ 0.01) (Fig. 3A) . This decrease was correlated with the level of dopaminergic denervation, estimated by determining the optical density of immunostaining for TH (r ϭ 0.89; p Ͻ 0.05) and the DA transporter (DAT) (r ϭ 0.92; p Ͻ 0.05). After recovery, DA levels remained much lower than those in the normal state Dialysis probe traces at a higher magnification (6.5ϫ) after immunostaining for calbindin (E, F ) or GFAP (E', F') in the associative-limbic (E, E') or sensorimotor (F, F') territory. Scale bar, 100 m.
(Ϫ88.8 Ϯ 6.62%; p Ͻ 0.01) (Fig. 3A) and not significantly different from those in the symptomatic state.
The decrease in DA levels observed in the associative-limbic territory of symptomatic monkeys (53.2 Ϯ 35.5%) (Fig. 3A) was smaller than that in the sensorimotor territory. Once the monkeys had recovered from their motor symptoms, DA concentration returned to basal levels (95.9 Ϯ 51.2%).
Effects on DOPAC levels DOPAC levels were severely and significantly decreased in both striatal territories ( p Ͻ 0.01) (Fig. 3B) in the symptomatic state. DOPAC concentration was significantly higher after recovery than in the motor symptom state only in the associative-limbic territory ( p Ͻ 0.01) (Fig. 3B) .
Effects on HVA levels A significant, strong decrease in HVA levels was measured in both striatal territories ( p Ͻ 0.01) (Fig. 3C) in the symptomatic state. This decrease was positively correlated with the loss of THpositive fibers in the sensorimotor territory (r ϭ 0.94; p Ͻ 0.05) (see Fig. 6 B) . HVA levels after recovery were significantly higher than those in the symptomatic state for both territories but remained significantly lower than basal levels (Fig. 3C) .
Effects on HVA/DA and DOPAC/DA ratio
The HVA/DA ratio was markedly increased in the sensorimotor striatal territory in the symptomatic state ( p Ͻ 0.01) (Fig. 3D) . When the animals had totally recovered, this ratio increased further, to a level significantly higher than that in the symptomatic state ( p Ͻ 0.01) (Fig. 3D ). Motor symptom expression had no significant effect on the HVA/DA ratio (127.6 Ϯ 72.9%) in the associative-limbic territory (Fig. 3D) . After recovery from motor symptoms, this ratio increased to a level significantly higher than that in the normal state (713.3 Ϯ 520.2%; p Ͻ 0.01) (Fig;  3D) but not significantly different from that in the symptomatic state. The effects of motor symptom expression and recovery on the DOPAC/DA ratio varied more between territories. In the motor symptom state, the DOPAC/DA ratio was higher in the sensorimotor territory and significantly lower in the associative-limbic striatum ( p Ͻ 0.01) than in the normal state. After recovery from motor symptoms, the DOPAC/DA ratio was higher than in the motor symptom state, reaching values greater than those for the normal state in both territories (379.9 Ϯ 52.2%, p Ͻ 0.01; 178.7 Ϯ 84.7%).
Effects on serotonin levels
A large increase in 5-HT concentration was measured in the sensorimotor striatum in the symptomatic state (510.9 Ϯ 119; p Ͻ 0.01) (Fig. 4 A) . After recovery from motor symptoms, 5-HT levels remained high, well above those in the normal state (372 Ϯ 95.3; p Ͻ 0.01) (Fig. 4 A) .
5-HT levels were also higher in the associative-limbic territory in the symptomatic state than in the normal state, but this increase was less pronounced than that in the sensorimotor territory (198.7 Ϯ 57.3; p Ͻ 0.01) (Fig. 4 A) . This increase was negatively correlated with the number of residual TH-positive fibers (r ϭ Ϫ0.89; p Ͻ 0.05) (Fig. 6C) . After recovery from motor symptoms, 5-HT concentrations returned to levels similar to those at baseline (Fig. 4 A) . This decrease was positively correlated with recovery time (r ϭ 0.92; p Ͻ 0.05) (Fig. 6 D) and with the level of dopaminergic denervation, estimated by counts of TH-or DAT-positive fibers (r ϭ 0.97, p Ͻ 0.01; r ϭ 0.89, p Ͻ 0.05, respectively) (Fig. 6 F) .
Effects on 5HIAA levels
The expression of motor symptoms was accompanied by similar changes in 5HIAA concentration in both striatal territories, and recovery was also very similar. In the motor symptom state, 5HIAA levels were approximately half those in the normal state, for both the sensorimotor and associative-limbic striatum (62.4 Ϯ 9.6 and 71.3 Ϯ 12.5%, respectively; p Ͻ 0.01) (Fig. 4 B) . After recovery from motor symptoms, 5HIAA levels were significantly higher than those in the normal and motor symptom state ( p Ͻ 0.01) (Fig. 4 B) .
Effects on 5HIAA/5-HT ratio
A large decrease in the 5HIAA/5-HT ratio was observed in the sensorimotor striatum ( p Ͻ 0.01) (Fig. 4C) during the symptomatic state. After recovery, this ratio remained abnormally low, given the increase in 5HIAA levels described above ( p Ͻ 0.01) (Fig. 4C) . A decrease in the 5HIAA/5-HT ratio was also observed in the associative-limbic territory during motor symptom expression, but this decrease was smaller than that in the sensorimotor striatum. Nonetheless, this decrease was positively correlated with motor symptom expression (r ϭ 0.89; p Ͻ 0.05). Recovery from motor symptoms was associated with a large increase in the 5HIAA/5-HT ratio in the associative-limbic territory, to levels higher than those in the normal and motor symptom state ( p Ͻ 0.01) (Fig. 4C) . The HIAA/5-HT ratio was found to be positively correlated with the number of 5-HT fibers present in the associative-limbic territory after recovery (r ϭ 0.95; p Ͻ 0.05) (Fig. 6 E) .
Effects on GABA and Glu levels
Changes in GABA and Glu concentrations during the expression of motor symptoms and after recovery were similar. In the sensorimotor territory, GABA and Glu concentrations were both increased during the motor symptom state ( p Ͻ 0.01) (Fig.  5 A, B) . Furthermore, a negative correlation was found between the intensity of motor symptom expression and changes in GABA concentration (r ϭ Ϫ0.89; p Ͻ 0.05) (Fig. 6 A) . After motor recovery, mean GABA and Glu concentrations did not differ significantly from those in the motor symptom state, remaining higher than those in the normal state ( p Ͻ 0.01) (Fig. 5 A, B) . In the associative-limbic territory, GABA concentration changed little during the expression of motor symptoms, whereas Glu concentration increased slightly (Fig. 5A,B) . After recovery, Glu concentration returned to normal levels, whereas GABA concentration fell to values significantly lower than at baseline (Ϫ48.3 Ϯ 9.3%; p Ͻ 0.01) (Fig. 5A,B) .
Discussion
We compared neurochemical changes in two striatal territories and three states (normal, motor symptom expression after MPTP injection and recovery) by repeated intracerebral microdialysis in awake monkeys. The symptomatic state was associated with a large decrease in DA concentration and a large increase in 5-HT, Glu, and GABA levels in the sensorimotor striatum. DA levels decreased less sharply in the associative-limbic striatum, whereas 5-HT and Glu levels increased (GABA levels were unaffected). DA concentration was increased after complete recovery, particularly in the associative-limbic territory, with a higher turnover (as reflected by the HVA/DA ratios) in both territories. 5-HT metabolite (5HIAA) levels increased in both striatal territories, whereas 5-HT turnover increased in the associative-limbic territory only. Glu and GABA levels remained high in the sensorimotor territory.
Relevance of repeated microdialysis for investigating neurochemical modifications
Repeated microdialysis has been performed in anesthetized Kolachana et al., 1994) and awake monkeys (Davis et al., 1997) , demonstrating the long-term viability of microdialysis preparations in primates (Bradberry, 2000) . Consistent with this, neurotransmitter concentrations in our study did not differ significantly between the third and supplementary dialyses, except for DOPAC and Glu. The three dialysis sessions induced moderate cellular damage, with a limited glial reaction around the probe tract, as in rats (Georgieva et al., 1993) . This approach appears to be accurate, with heterogeneous changes in DA concentration in different striatal territories reflecting the heterogeneity of dopaminergic degeneration reported for monkeys (Jan et al., 2000 (Jan et al., , 2003 and humans (Kish et al., 1988) . the remaining terminals (Elsworth et al., 2000) , supported by morphological data from 6-OHDA rats (Blanchard et al., 1996) and MPTP monkeys (Song and Haber, 2000) and by higher THand DAT-positive fiber counts in monkeys that recovered than in monkeys with stable motor symptoms (Mounayar et al., 2007) ; and (3) increased DA diffusion from release sites. The latter phenomenon has been reported in spontaneously recovering MPTP cats (Schneider et al., 1994) and rats with partial 6-OHDA lesions (Dentressangle et al., 2001 ). This diffusion could be facilitated by the volume transmission (Fuxe and Agnati, 1991) promoted under DA depletion (Robinson and Whishaw, 1988) and by a decrease in the number of DA reuptake sites in the striatum (Bezard et al., 2000 (Bezard et al., , 2001 . We found that associative-limbic DA levels after recovery were similar to those in the normal state. Thus, DA may diffuse from this relatively spared part of the striatum to nearby denervated parts, increasing DA concentrations to supraliminar levels, allowing functional recovery. Neurochemical compensatory mechanisms extrinsic to the dopaminergic system have been little studied. We provide the first demonstration of changes in extracellular striatal Glu and GABA concentrations associated with PD motor symptom recovery. Glu or GABA concentrations did not differ during the motor symptom and recovery states, except GABA levels which were significantly lower in the associative-limbic striatum during recovery. Thus, normal striatal Glu and GABA concentrations are not required for complete motor recovery, suggesting that these two neurotransmission systems do not play a major role in recovery. The lack of correlation between levels of neurotransmitters and recovery time is consistent with this interpretation.
We observed several changes in striatal 5-HT neurotransmission after recovery. 5-HT concentration returned to basal levels in the associative-limbic striatum. 5-HIAA levels were higher than those in the normal and motor symptom states, in both the associative-limbic and sensorimotor territories, whereas the increase in the 5HIAA/5-HT ratio was limited to the associativelimbic territory. Our data are entirely consistent with striatal 5-HT neurotransmission and 5-HT metabolism, in particular, being involved in recovery mechanisms, as previously suggested (Schneider and Rothblat, 1991) . This interpretation is supported by the stronger 5-HT labeling observed in the striatal functional territories of recovered monkeys and weaker labeling observed in monkeys with stable motor symptoms than in normal monkeys (Mounayar et al., 2007) . This serotoninergic hyperinnervation, often observed in animal models of PD (Zhou et al., 1991; Gaspar et al., 1993; Yamazoe et al., 2001) , may be compensatory. Indeed, 5-HT may promote DA release from the remaining dopaminergic fibers (Benloucif and Galloway, 1991; Yadid et al., 1994) . Finally, the correlation between 5-HT concentration in the associative-limbic territory and recovery time strongly suggests a role for 5-HT in recovery.
In conclusion, this study confirms the importance of striatal dopaminergic neurotransmission and metabolism for recovery from symptoms in this monkey model with MPTP-induced lesions. Our results suggest that "a minimum threshold" of striatal DA is required to support striatal functions. They also show that glutamatergic and GABAergic neurotransmission plays only a minor role in striatal recovery. Our findings clearly implicate 5-HT and its metabolism in compensatory mechanisms and demonstrate that the associative-limbic striatal territory, preserved both in this animal model and in PD, plays an important role in recovery mechanisms. We now need to determine whether the recovery process in our model is equivalent to the compensatory mechanisms operating during the presymptomatic stage of natural disease. This could allow the development of new therapeutic strategies effective in the early phase of the disease.
